Purpose Since early 1990s pedicle screws in thoracic spine have been used in posterior correction of adolescent idiopathic scoliosis (AIS). Long-term results are scarce. We report clinical, radiological and pulmonary function results of 48 consecutive patients with 10-year minimal follow-up. Methods Forty-eight consecutive patients (42 females, 6 males) with 41 Lenke 1 (lumbar modifier A = 19, B = 8, C = 14), 7 Lenke 2 (lumbar modifier A = 2, B = 4, C = 1) were operated for AIS from posterior with pedicle screw alone instrumentation. Risser stage at the time of operation was 0-3 in 24, more than 3 in 24 patients. Mean age was 15.3 years. The data were prospectively collected preoperatively, at 6 weeks, 2 years and 10 years postoperatively. Cobb angle, sagittal and coronal balance, distal adjacent disc angle and lowest fused vertebral tilt were documented at all time-points. Choice of fusion levels is described. Not every vertebra was instrumented with pedicle screws. The implant density was average one pedicle screw per vertebra or 50 %. Derotation and translation of apical vertebrae on the concave side were performed for correction. The overall outcome and the outcome of different curve types were analyzed statistically. Results Lowest instrumented vertebra (LIV) was distal end vertebra in two-thirds of the patients and was one below distal end vertebra in one-third of the patients. The main thoracic curve correction was 63 %, from 58°± 12°p reoperative to 21°± 9°at 6 weeks. The Cobb angle was 23°± 10°at 2 years and 26°± 10°at 10 years. The apical vertebral rotation improved 35 %, the non-instrumented lumbar curves improved 47 %, the distal adjacent disc angle decreased from 6°± 3°preoperatively to -2°± 4°p ostoperatively and the last instrumented vertebral tilt decreased from 23°± 8°preoperatively to 5°± 5°post-operatively. All these parameters remained stable up to 10-year follow-up. The scoliosis correction was not associated with any change in the preoperative thoracic kyphosis and lumbar lordosis. The % FVC remained unchanged with 74 ± 21 % preoperatively to 74 ± 11 % at 2 years and 75 ± 10 % at 10 years. The SRS-24 score was 93 ± 18 points at 2 years and 95 ± 22 points at 10 years. There were no neurological complications, no pedicle screw-related complications. Conclusion Posterior correction of thoracic AIS with pedicle screw instrumentation is safe and produces a longterm stable correction and high patient satisfaction. An implant density of 50 % is sufficient to achieve these results. LIV can be the distal end vertebra or one below the distal end vertebra depending on the position of the distal end vertebra to the centre sacral line. The preoperative pulmonary function does not change on long term.
Introduction
Posterior instrumentation with pedicle screw fixation (PSF) has become the current standard of care [1] for adolescent idiopathic scoliosis (AIS). The correction with PSF helps in multidimensional spinal correction [2] . Fusion length with PSF is shorter in comparison with other posterior fixation techniques [3] [4] [5] . Although good clinical and subjective outcome has been reported with all pedicle screw constructs [2, 7] , long-term results with PSF are not available in the literature [1] . Only the results of 2-to 5-year followup have been reported [6] [7] [8] . Controversy exists on the density of implant and amount of correction, the loss of correction in Cobb angle as well as in the distal adjacent segment, the changes in thoracic kyphosis, in pulmonary function and above all on the selective fusion of thoracic curves in patients having a significant lumbar curve.
The aim of this study was to describe the instrumentation technique, choice of fusion levels and to report the clinical, radiological and pulmonary function results of selective thoracic fusion using pedicle screw alone instrumentation patients with AIS with a minimal 10-year follow-up.
Materials and methods
Data of all consecutive patients with thoracic AIS, who were operated from posterior with pedicle screw alone constructs in the same institution, with a minimal follow up of 10 years were reviewed. Data were prospectively collected. There were 48 patients (42 females and 6 males) with an average age of 15.37 (11.22-19.48 ) years at the time of the operation. No patient was lost to follow-up. There were 41 single thoracic curves and 7 double thoracic curves. Double major, triple major, thoracolumbar and lumbar curves were excluded from this study. According to the Lenke classification [9] there were 19 type 1A, 8 type 1B, 14 type 1C, and 2 type 2A, 4 type 2B and 1 type 2C curves. According to the King classification [10] there were 25 King II, 9 King III, 7 King IV and 7 King V curves. Risser stage [11] at the time of surgery was 0 in 3 patients, I in 3 patients, II in 6 patients, III in 12 patients, IV in 23 patients and V in 1 patient. Pulmonary function tests were done preoperatively at 2 and 10 years. Assessment of patient's satisfaction with SRS-24 questionnaire was done at 2 and 10 years postoperatively. Radiological measurements were taken from radiographs immediately before the operation, 6 weeks, 2 years and 10 years postoperatively. Data assessment and analysis were carried out by two individuals (CS, MF) not involved in the care of the patients.
Surgical technique
All patients were operated by a single surgeon using the same operative technique. Stainless steel side-loading monoaxial pedicle screws and 6.0 mm unit rods were used in all patients. Pedicle screws were not inserted into every single vertebra. A mean of 9.48 (9-13) pedicle screws per patient and a total of 469 pedicle screws in 48 patients were used. This represented an implant density of one screw per vertebra or 50 % density. Four screws in the two most distal vertebrae for distal foundation and two screws in the most proximal vertebra for proximal foundation were routinely used. Apical screws at the concave apical region were inserted and were used for concave side derotation and translation. One or two screws proximal to the apex were used on the convex side for convex rod cantilevering (Figs. 1, 2) . The concave rod was first mounted to the distal and proximal foundations. The main deformity correction was carried out by derotating the apical vertebrae individually by pulling and derotating the concave pedicle screws to the mounted concave rod. The side-loading monoaxial apical pedicle screws were essential for this reduction technique. Rod cantilevering on the convex side was performed additionally to push the convexity down. Rod derotation and direct vertebral derotation were not carried out.
Determination of fusion levels
The distal end vertebra of the curve (EV) was chosen as the lowest instrumented vertebra (LIV) if the end vertebra touched the centre sacral vertical line (CSVL). When there were two parallel end vertebrae at the distal end of the curve, the lower one was chosen (Fig. 1) . One level distal to the end vertebra was chosen if the end vertebra did not touch the CSVL (Fig. 2) . The LIV was T11 in 7 patients, T12 in 20 patients, L1 in 10 patients and L2 in 11 patients.
Preoperative supine bending radiographs were used for the selection of the curve to fuse, but they did not influence the choice of the LIV.
The uppermost instrumented vertebra (UIV) was the upper end of the curve. It was T2 in all double thoracic curves. In the single thoracic curves, the UIV was either T3 or T4 in thoracic curves with the apex at T7 or T8, T4 or T5 when the apex was at T8 or T9 and was at T6 when the apex was low at T10 or T11. The UIV was T2 in 7 patients, T3 in 2 patients, T4 in 25 patients, T5 in 12 patients and T6 in 2 patients.
Radiological measurements
Radiological measurements were obtained from whole spine standing anteroposterior and lateral radiographs. Cobb angle, coronal and sagittal spinal balance, apical vertebral rotation (AVR) and apical vertebral translation (AVT), lowest instrumented vertebra tilt (LIVT), distal adjacent disc wedging (ADW), thoracic kyphosis and lumbar lordosis were measured. The coronal and sagittal balances were measured as the distance from the plumb line falling from the centre of C7 to the centre of S1 and the posterior edge of S1, respectively. AVR was measured in degrees using a Perdriolle torsionmeter. AVT was assessed by the distance of the centre of the apical vertebra to the centre sacral vertical line. LIVT was the angle between the lower endplate of the last instrumented vertebra and the horizontal line. ADW was the angle between the lower endplate of the last instrumented vertebra and the upper endplate of the distal adjacent vertebra. LIVT and ADW were defined as positive when the angulations faced the convex side of the instrumented thoracic curve. The thoracic kyphosis was measured from the upper endplate of T4 to the lower endplate of T12 and the lumbar lordosis from the upper endplate of L1 to the upper endplate of S1.
Statistical analysis
Descriptive statistical analyses report data with means, range and standard deviations (SD) where appropriate.
Comparison of values at different time points were made either by a Student's paired two-tailed t-test or a Wilcoxon matched pair test depending on the distribution of the data.
Analyses for different subgroups of curves were performed by a Student's unpaired two-tailed t-test or a MannWhitney test. Level of significance was set at p \ 0.05. Boxplots depict means with whiskers according to ranges.
Results

Instrumented thoracic curves
The whole group (n = 48) (Fig. 3) .
The main thoracic (MT) curves had a mean preoperative Cobb angle of 58°± 12°(45°-96°) and a mean flexibility of 47 % (20-60 %). The Cobb angle of main thoracic curves was corrected to 21°± 10°(63 % correction) (p \ 0.05) initially. Cobb angle was at 23°± 10°( p \ 0.05) at 2-year (60 % correction) and 26°± 10°at 10-year (55 % correction) follow-up (p \ 0.05) (Fig. 3) . There was an average loss of Cobb angle correction of 5°f rom 6 weeks to 10 years (p \ 0.05) in the whole group.
AVR of the thoracic curves improved 35 % from 24°± 8°preoperatively to 15°± 8°(p \ 0.05) postoperatively. This remained stable with 16°± 9°at 2 years and 17°± 10°at 10 years. The changes from 6 weeks to 10 years were statistically not significant. AVT of the thoracic curves was 44 ± 20 mm preoperatively in average. It was corrected to 8 ± 10 mm (p \ 0.05) postoperatively (82 % correction). AVT was 12 ± 11 mm at 2 years and 15 ± 13 (p Postop-10 years \ 0.05) at 10 years. There was an average loss of 3.8 mm at 2 years (p \ 0.05) and 6 mm at 10 years (p \ 0.05), which resulted in 67 % correction of AVT at 10 years.
Different lumbar curves
The average postoperative correction of thoracic curves was 64 % in patients with lumbar modifier A, 67 % in patients with modifier B and 56 % in patients with modifier C. The less correction of the main thoracic curves in the patients with lumbar modifier C was explained by the presence of a significant amount of compensatory lumbar curve. Different lowest instrumented vertebra (Fig. 4) The patients were divided into two groups depending on the LIV. In the first group of patients (n = 36) the LIV was the end vertebra (LIV = EV) and in the second group (n = 12) the LIV was one distal to the end vertebra (LIV = EV ? 1). The LIV = EV group showed a slight loss of correction in thoracic curve in comparison with the LIV = EV ? 1 group (Fig. 4) . The patients in the LIV = EV group had a loss of correction of 6°from postoperative 22°± 10°-28°± 10°(p \ 0.05) whilst those in the LIV = EV ? 1 group remained stable at 21°± 7°over 10 years. In the LIV = EV group this loss of correction was similar when subdivided by the lumbar modifier A (22°± 10°at 6 weeks to 27°± 7°at 10 years), B (18°± 6°to 24°± 8°) and C (25 ± 13°to 32 ± 13°). The results of AVR and AVT did not show any significant difference between the LIV = EV and LIV = EV ? 1 groups. The long thoracic curves with L4 vertebra tilting into the curve need special consideration, even though they are type 1A according to the Lenke classification. In our series there were seven King IV patients. Six patients were fused to LIV = EV, one patient to LIV = EV ? 1 in accordance with the choice of fusion levels described above. The patients with LIV = EV (n = 6) had less initial correction of 59 % when compared with the patient (n = 1) with LIV = EV ? 1 who had a correction of 85 % at 6 weeks. The loss of correction in the whole group was 7 % at 10 years. AVT was 63.0 ± 21 mm preoperatively, 17.2 ± 9 mm at 6 weeks, 19.2 ± 9 mm at 2 years and 24.5 ± 6 mm at 10 years (Fig. 5) .
Patients in whom implants were removed (n = 6) A complete implant removal was necessary in 6 patients in average 3.7 (1.1-7.9) years after the index operation due to late-onset low-grade implant-related infection caused by Propionibacterium acnes. In these patients the initial correction of 70 % (from 56°± 6°to 17 ± 3°) was lost to 42 % with 33°± 10°at 10 years, despite intraoperative evidence of bony fusion at the time of implant removal. The AVT increased by tendency from Although there was loss in Cobb angle correction of average 15°o ver the 10-year follow-up period in this patient group, the AVR remained unchanged indicating that the loss of correction after implant removal took place only in the coronal plane, not involving the rotational axial plane. This phenomenon was presumably due to gradual bending of the immature fusion mass in the coronal plane. The aetiology and modalities of treatment in patients with late implant-associated infection with P. acnes have already been reported and thoroughly discussed [12, 13] .
Patients without implant removal (n = 42)
Excluding the above patients with implant removal and examining only the data of the patients who had the implant in situ to the last follow-up, the Cobb angle correction of the instrumented thoracic scoliosis was initially 63 % from 58°± 12°to 21°± 10°, did not change at 2 years and was 55 % at 10 years with 26°± 10°, with a loss of correction of 4°in Cobb angle or 7 %.
Of the 42 patients, 21 patients had Risser stage 0-III and 21 patients had Risser stage IV at the time of the index operation. There was no relevant difference in loss of correction between these two patient groups (Fig. 6) .
All the six patients in whom the implants were removed belonged to the LIV = EV group. To remove the confounding effect of implant removal in this group of patients we analysed the remaining 30 patients of the LIV = EV group. There was a minimal loss of correction from 2 to 10 years in the instrumented thoracic curves (Fig. 7) .
Non-instrumented lumbar curve
In King III or Lenke type 1A patients the lumbar curves were not analyzed, as the lumbar curves in such patients did not cross the midline and were produced only because of the tilt of the distal end vertebra of the thoracic curve.
In the rest of the patients (n = 48) there was a spontaneous correction of 47 % of the lumbar curves from the average preoperative 40°± 8°(25°-59°) to 22°± 8°at 6 weeks. There was no loss of correction of lumbar curves with 21°± 8°at 2 years and 22°± 8°at 10 years (p [ 0.05). This was also true for the patients in LIV = EV group as well as the patients in LIV = EV ? 1 group. Only three patients with lumbar modifier B and one patient with lumbar modifier C had LIV = EV ? 1. All the rest of patients with lumbar B and C modifiers (n = 23) had LIV = EV. The spontaneous correction of lumbar curves in these patients is shown in Fig. 8 . There was no significant loss of correction at 10 years.
There was, however, some loss of correction of lumbar curves from 19°± 2°postoperatively to 25°± 6°at 10 years (p \ 0.05) in the patients who needed implant removal (n = 6).
Spinal balance, thoracic kyphosis and lumbar lordosis (Table 1) The coronal balance did not change significantly immediately after the operation or over the observation time of 10 years (p [ 0.05). In the sagittal plane the C7 tended to move slightly posterior during the 10-year follow-up period.
The preoperative average thoracic kyphosis of 28°± 13°did not change initially after the operation, but thoracic kyphosis had a tendency to increase during the follow-up period with 30°± 12°at 5 years and 33°± 11°a t 10 years (p \ 0.05). The preoperative lumbar lordosis of 53°± 15°also did not change initially, but increased to 59°± 13°at 10 years (p \ 0.05).
Lowest instrumented vertebral tilt and distal adjacent disc wedging
The lowest instrumented vertebra and the adjacent motion segment showed satisfactory and sustained correction in the whole group. Preoperative LIVT of 23°± 8°was corrected to 5°± 5°and did not show any relevant change 
Clinical rib hump
The average clinical rip hump was 12°(8°-18°) preoperatively. This improved to 8°(5°-12°) which represented a 37 % of spontaneous improvement.
Pulmonary function
The FVC % was 74 ± 20 % preoperatively and did not change postoperatively at 2 years (74 ± 11 %) or at 10 years (75 ± 10 %).
SRS-24 questionnaire
Subjective satisfaction of the patient was assessed by SRS-24 questionnaire. There were 93 ± 18 points (of maximal possible 120 points) at the 2-year and 95 ± 22 points at the 10-year follow-up in the whole group. The domain concerning pain did not change from 2 to 10 years with 28 ± 7 to 29 ± 7 points, respectively.
There was no significant difference of 10-year SRS-24 scores between the two groups of patients with the LIV = EV (96 ± 23 points) and LIV = EV ? 1 (94 ± 19 points) (p = 0.660).
The patients who had the spinal implant removed for late infection also reported good subjective outcome with a score of 99 ± 15 points at 10 years.
Complications
There were no complications other than the low-grade late implant-associated infections. There were neither acute infections, nor neurological complications or pediclescrew-related complications.
Discussion
Long-term clinical, radiological and pulmonary function results of patients with thoracic AIS corrected with pedicle screw alone implants are presented. The choice of fusion levels, in particular the choice of the LIV and the method of instrumentation are described in detail. An initial Cobb angle correction of 63 % of the instrumented thoracic curves was achieved. There was some loss of correction during the 10-year follow-up period and the correction was 55 % at 10 years. Other authors have reported some loss of correction in series of 3-to 5-year follow-up [7, 8] in agreement with the here presented results. Loss of correction, spinal balance and other parameters were not different independent of the character of lumbar compensatory curve. The correction of the thoracic curve was less in the patients with a significant lumbar curve (modifier C) in comparison with other patients with less pronounced lumbar curves (modifier A and B). Some expressed concern of decompensation in the selective thoracic fusion in the presence of a significant lumbar curve [14] . We did not see decompensation of spinal balance or loss of correction of lumbar curves in our patients with lumbar modifier C. The non-instrumented lumbar curves improved 47 % in patients with lumbar curve type B and C. Lumbar curves did not show any loss of correction even though some loss of correction in the instrumented thoracic curves was measured during 10-year follow-up. We were not able to find an explanation for this observation except the assumption of measuring errors. Our results show that the King type II or Lenke type 1 and 2 patients with a lumbar modifier C can safely be treated by selective thoracic fusion with distal fusion to EV or EV ? 1. Extending the fusion to the region of lumbar compensatory curve is not necessary.
As there were only seven patients with King IV type curves, a statistical analysis was not possible. However, it seemed that the distal fusion to EV ? 1 resulted in a better correction in these patients.
Although the patients in the LIV = EV group tend to have some loss of correction in comparison with those in the LIV = EV ? 1 group, the difference was small and was not noticeable clinically as documented by the results There were some reports [15] concerning the changes in wedging of the adjacent disc or tilt of the last instrumented vertebra. A good correction of ADW and LIVT without loss of correction up to 10 years was achieved in our patients by means of the present method of instrumentation and the determination of the LIV. Long-term lack of changes in ADW and LIVT also suggested against any significant loss of correction in coronal plane as well as any development of significant degenerative changes in the distal adjacent discs. In summary, all other parameters remained stable except some loss of correction in Cobb angle of instrumented thoracic curves in the long term.
Some reports on all pedicle screws constructs described the use of screws on every vertebra in the fusion region [7, 8] . This is not necessary in our experience. Using only 9.48 (8-12) pedicle screws per patient, which means an implant density of 1 screw per vertebra, or a 50 % implant density, a comparable correction [7, 8] was achieved. This correction was sufficient to produce a satisfactory long-term subjective outcome.
The thoracic kyphosis was not influenced by posterior instrumentation initially after the operation with posterior pedicle screw instrumentation. This is in accordance with a previous report [6] . It tended to increase for about 5°d uring the 10-year follow-up period. In contrast to others [16] we did not have any proximal junctional kyphosis in our patients.
In accordance with the pertinent literature [17, 18] our patients with AIS had less than normal pulmonary function (74 % of predicted forced vital capacity) preoperatively. But contrary to K.Pehrsson et al. [17] who reported an improvement of % FVC from 67 % preoperatively to 73 % immediate postoperatively, the pulmonary function in our patients remained unchanged up to the last followup. In our patients the correction of thoracic scoliosis was not associated with an improvement of FVC if adjusted to age and weight. There was also no decline in pulmonary function during the 10-year follow-up period.
Other than late low-grade implant-associated infections there were no complications in our patients. There were no acute infections. In particular, there were no complications related to thoracic pedicle screws. The phenomenon of late infections in association with the use of stainless steel implants has been reported elsewhere [12, 13, 19] . Since we changed from stainless steel to titanium implants we did not see this complication up to now.
Conclusion
The correction of thoracic AIS with thoracic pedicle screw instrumentation is a safe procedure. Insertion of screws in every single vertebra is not necessary as a satisfactory multidimensional radiological correction and a high longterm patient's satisfaction can be achieved with a low implant density of average 1 screw per vertebra (50 %). The LIV can be either the distal end vertebra or one below the distal end vertebra of the thoracic curve, depending on the position of the end vertebra to the centre sacral line. A selective thoracic curve fusion in patients with lumbar modifier C can safely be done resulting in a stable longterm correction of non-instrumented lumbar curves. The preoperative pulmonary function does not change during the 10-year follow-up period.
